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FINAL REPORT: 
THE DEVELOPMENT OF THE ASPS VERNIER SYSTEM 

Br ian J. Hamilton 
F1 i g h t  Systems, Sperry Corporation 

SUMMARY 

The Annular Suspension and Point ing System (ASPS) i s  an end-mount 
experiment p o i n t i n g  system designed f o r  use i n  the  Space Shutt le.  
descr ibes the  development o f  t he  ASPS Vern ier  System (AVS), t he  noncontacting 
magnetic suspension module of the  ASPS which provides f o r  f i n e  p o i n t i n g  (.01 
arcsecond) o f  a payload and i s o l a t i o n  from c a r r i e r  d isturbances and f l e x i b l e  
modes. An a r t i s t ' s  conception o f  t h i s  system i s  shown i n  F igure 1. 

Center s ince mid-1976. 
have been demonstrated i n  the  laboratory.  
incorporated i n t o  an A i r  Force f l i g h t  program. 
development a c t i v i t i e s  such as the  means o f  p rov id ing  serv ices t o  the  payload 
across a noncontacting in te r face .  

This repo r t  

The AVS development program has been funded by the  NASA Langley Research 
Six years l a te r ,  a l l  major aspects o f  t h e  technol-og 

I n  addi t ion,  t h i s  technology i s  i e i n g  
NASA cont inues t o  fund re la ted  

The scope of t h i s  document i s  t o  prov ide a general descr i  t i o n  o f  the  

in fo rmat ion  pe r t i nen t  t o  t h e  AVS development i s  too  great t o  a l l ow  coverage here 
i n  depth. Instead, a complete l i s t  o f  references i s  inc luded t o  a l l ow  the  
i n te res ted  reader t o  pursue s p e c i f i c  subjects i n  greater  depth. 
important references are  mentioned i n  t he  t e x t  o f  t h i s  repor t .  

technology, i t s  background, evolut ion,  and status. The breadt R o f  technica l  

The more 
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I N T R O D U C T I O N  AND BACKGROUND 

During the past decade, firm definitions have emerged for  many of the 
payloads destined for f l igh t  on the Space Shuttle. 
Working Group was formed by the NASA t o  examine the requirements of these 
payloads. 
auxil iary pointing system capable of subarcsecond performance. 
must be maintained f o r  extended periods (1 hour)  in the carr ier  vehicle 
di sturbance environment, consi sting of b o t h  vibrational (cooling pumps) and 
transient (man-motion and vernier thruster f i r ings)  disturbances. 
Sperry Flight Systems was awarded a contract by the NASA Langley Research Center 
t o  develop a system, known a s  the Annular Suspension and Pointing System 
(ASPS),1, 3 ,  5, capable of .01 arcsecond s tabi l i ty .  This system consists of a 
modular gimbal set t o  which i s  attached a magnetically levitated isolation and 
verni er pointing system. Thi s effor t  has produced engi neeri ng model s of b o t h  
systems which have been subjected t o  extensive laboratory evaluations. 
newly developed technology i s  applicable t o  a wide range of missions, bo th  free- 
flying and shuttle-borne, particularly those involving high-resolution optics. 

In  order t o  understand why a pointing system which includes magnetic 
suspension exhibits superior pointing Performance, i t  i s  f i r s t  important t o  
understand why conventional poi nti ng systems do not.  A conventional poi n t  i ng 
system, for  purposes of t h i s  discussion, i s  one which constrains the relative 
motion between payload and car r ie r  t o  only rotational degrees o f  freedom. 
axes a b o u t  which these rotations occur are referred t o  a s  gimbal axes, and they 
are fixed in b o t h  payload and carr ier  body-fixed coordinates. A t  these axes, 
the payload must translate a s  the carr ier  translates,  and the gimbal bearings 
will apply forces t o  the payload as necessary t o  achieve t h i s  objective. Given 
vibrations and transient disturbances on the carr ier  body, the pointed payload 
will be continually subjected t o  disturbance forces in three axes by the gimbal 
bearings. 
disturbances. 

An Experiment Pointing Mount 

This performance 
The results of t h i s  investigation clearly indicated a need for  an  

I n  mid-1976, 

This 

The 

These forces, under a l l  b u t  ideal conditions, will result  in pointing 

Steps can be taken t o  reduce these pointing disturbances. F i r s t ,  the 
torques which result from the bearing forces can be reduced by diminishing the 
offset between the gimbal axes and the payload center of mass. T h i s  i s  the CG- 
mount approach, i l lustrated in Figure 2a. This configuration has been used f o r  
years, and minimizes the adverse effects  of fixed gimbal axes. Because large 
gimbal bearing forces are applied, sensit ivity i s  very h i g h  t o  sl ight motions of 
the CG due to  expendables, or slight errors in coalignment of gimbal axes and 
CG. Furthermore, the center of mass of many payloads i s  no t  conveniently 
accessible as an attachment point, t h u s  the pointing system must surround the 
payload. This makes i t  cumbersome and d i f f i cu l t  t o  standardize since i t  must be 
custom-designed t o  f i t  around each pay1 oad. 
cumbersome indeed, since a l l  gimbal axes must intersect a t  the payload center of 
mass. 

Final ly , mu1 t i  axi s systems become 

A more convenient geometry locates the gimbal axes a t  the base of the pay- 
load. 
Figure 2b. 

This configuration i s  called end-mount pointing, and i s  i l lustrated in 
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Figure 2a 
CG-Mount Po in t i ng  

42367 

Figure 2b 
End-Mount Po in t i ng  

42368 

Figure 2c 
Is01 a t i o n  

Figure 2 
Mount Po in t i ng  System Conf igurat ion 
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Many o f  the  d i  sadvantages described above are a1 1 ev ia ted  by end-mount po i  n t i  ng , 
bu t  the  problem of coupl ing between t r a n s l a t i o n  and p o i n t i n g  remains, and must 
be d e a l t  wi th.  The e f fec ts  o f  end-mount coupl ing can be reduced a c t i v e l y ,  t o  a 
c e r t a i n  extent. F i r s t ,  t he  bandwidth o f  t he  p o i n t i n g  servo loops could simply 
be increased u n t i l  the necessary s t i f f n e s s  was obtained. Th is  approach i s  
1 im i ted  by such factors as payload s t r u c t u r a l  dynamics, sensor bandwidths, 
d i g i t a l  computation times, and excessive to rquer  requirements. Secondly, t he  
c a r r i e r  accelerat ions could be measured and torques f e d  open-loop t o  the  gimbals 
t o  prevent overturning. 
i n  the  ASPS Gimbal System (AGS) when t h e  ve rn ie r  module i s  absent. 
t h i s  scheme a1 so has p r a c t i c a l  l i m i t a t i o n s ,  p a r t i c u l a r l y  regarding to rquer  
requirements and accelerat ion feedforward noise. I n  e i t h e r  case, t h e  goal i s  t o  
minimize p o i n t i n g  e r ro r  about a r i g i d  gimbal a x i s  by making the  payload 
t r a n s l a t e  w i t h  the  c a r r i e r .  
t o  the  payl oad, which may a1 so be undesi rab l  e. 
are involved, ne i ther  technique i s  e f f e c t i v e  s ince the  a b i l i t y  t o  cancel t he  
e r r o r  r o l l  s o f f  w i th  the  to rquer  frequency response. 

A l l  these d i f f i c u l t i e s  are due t o  the  f a c t  t h a t  the  payload i s  hard-mounted 
to the  c a r r i e r  through r i g i d  gimbal axes. C lear ly ,  a s o l u t i o n  t o  the  problem i s  
t o  i s o l a t e  t h e  payload from the  c a r r i e r  i n  t rans la t i on .  For example, i n  the  CG- 
mounted system, the h igh  s e n s i t i v i t y  t o  CG motion resu l ted  from the  l a r g e  forces 
app l ied  by s t i f f  bearings. 
would f o l l o w  t h a t  smaller forces would be appl ied t o  t he  payload, and thus 
s e n s i t i v i t y  would be reduced. O f  course, many orders o f  magnitude o f  s t i f f n e s s  
reduct ion would be necessary, which i s  not  r e a l i s t i c  f o r  conventional bearings. 
As t h e  bear ing s t i f fness  i s  reduced, i't becomes both poss ib le  and necessary fo r  
the payload t o  t rans la te  wi th respect t o  the  c a r r i e r ,  thus i n t roduc ing  th ree  
more degrees o f  freedom which had been h i t h e r t o  constrained. 
t r a n s l a t i o n  s t i f f n e s s  i s  reduced f u r t h e r ,  the  payload begins t o  a c t  as though it 
were a f r e e  body no longer  at tached t o  the  c a r r i e r  a t  a l l ,  and able t o  move i n  
f u l l y  s i x  degrees o f  freedom. 
the  t r a n s l a t i o n  s t i f f n e s s  i s  reduced t o  zero, complete i s o l a t i o n  i s  achieved. 
Here the  payload i s  t r u l y  a f r e e  f l y e r ,  and does not  respond a t  a l l  t o  c a r r i e r  
disturbances. Unfortunately,  it does not  stay aboard the  c a r r i e r  e i t h e r ,  bu t  
instead d r i f t s  away, out  o f  con t ro l  (F igure 2c). 

Th is  technique i s  more p r a c t i c a l ,  and i n  f a c t ,  i s  used 
However, 

Thus any v i b r a t i o n s  on t h e  c a r r i e r  are t ransmi t ted  
Where h igh  frequency v i  b r a t i o n s  

If those bear ings could be made more compliant, i t  

I n  f a c t ,  as the  

Th is  phenomenon i s  re fe r red  t o  as i s o l a t i o n .  As 

A p r a c t i c a l  high performance p o i n t i n g  system should have the  a b i l i t y  t o  
provide a h igh  degree o f  i s o l a t i o n ,  bu t  s t i l l  cons t ra in  payload motion t o  on ly  a 
few m i l l i m e t e r s  f r o m  the  c a r r i e r .  It should be noncontacting f o r  long l i f e  and 
minimal non l inear i ty ,  and should, there fore ,  employ noncontacting ac tua tors  t o  
apply fo rces  and torques i n  s i x  degrees o f  freedom t o  the  constrained f ree -  
f l y i  ng payl  oad. I t  should be end-mounted f o r  operat ional  f l  e x i  b i  1 i t y  , bu t  must 
no t  s u f f e r  degraded performance due t o  end-mount coupling. This  o u t l i n e  of an 
elegant approach t o  s tab le  po in t i ng  i s ,  i n  f a c t ,  a good desc r ip t i on  of a 
magnetic suspension. 

F igure 3 i nd ica tes  some t y p i c a l  v i b r a t i o n  t r a n s f e r  func t ions ,  as der ived 
and discussed i n  Reference 14. 
advantage o f  both the p o i n t i n g  loop a t tenuat ion  and the  t r a n s l a t i o n  loop 
r o l l  o f f .  

Note t h a t  a magnetic suspension takes best 

4 



(A) PURE PIVOT (Cl ISOLATION SYSTEM 

IB) POINTING SYSTEM (D) ISOLATION AND POINTING SYSTEM 

0 

\ I 

FREQUENCY (LOG SCALE) 713-114-1 

Figure 3 
Generic System Vibration Transfer Functions 

5 



SYSTEM DESCRIPTION 

The ASPS Vernier System (AVS) cons is ts  of s i x  Magnetic Bearing Assemblies 
(MBAs), each o f  which i s  capable of apply ing a p rec i se l y  known fo rce  t o  the  
l e v i t a t e d  body whi le  a l low ing  substant ia l  r e l a t i v e  mot ion i n  any axis.  The 
combined e f f e c t  of these s i x  forces i s  t he  a b i l i t y  t o  con t ro l  a l l  s i x  degrees o f  
freedom ( D O F )  o f  the body. 

F igures 4a and 4b show the  r a d i a l  l oca t i ons  o f  t h e  s i x  magnetic actuators.  
Note t h a t  t he re  are th ree  MBAs or ien ted  so t h a t  t h e  app l ied  fo rce  i s  out o f  the  
page, and th ree  more whose fo rce  vectors  are tangent t o  the  MBA c i r c l e .  
are re fe r red  t o  as a x i a l  MBAs and tangent ia l  MBAs, respec t ive ly .  By us ing these 
actuators  i n  sum and d i f f e rence  combinations, fo rces  and torques can be app l ied  
t o  prov ide 6 DOF contro l  o f  t he  l e v i t a t e d  payload. 

These 

Each magnetic bear ing assembly (F igure 5 )  cons is ts  o f  r o t o r  and s t a t o r  
halves. 
mounted on the  c a r r i e r  side, a t  the  top  of t he  gimbal stack. 
assembly inc ludes magnetic c o i l s  t o  apply the  fo rce  and a p o s i t i o n  sensor t o  
measure r o t o r  pos i t i on  i n  the  magnetic gap. 
magnetic i r o n  r o t o r  p l a t e  and a f o rce  sensor mechanism. 
measures the  fo rce  t ransmi t ted  t o  the  payload from the  r o t o r  p la te.  

pos i t i on  con t ro l  i s  no t  exercised l o c a l l y  a t  each MBA, bu t  instead a coord inate 
t ransformat ion t o  body axes i s  performed. 
can be separated from the cont ro l  o f  r o t a t i o n  (po in t i ng ) .  

d i f fe ren t  bandwidths, dynamics, and feedback paths. 
degrees o f  freedom are  c o n t r o l l e d  w i t h  extremely low bandwidth ( t y p i c a l l y  -01 Hz 
t o  prov ide i s o l a t i o n ) ,  wh i l e  p o i n t i n g  bandwidths are h igher  ( typical1.y 1.0 Hz), 
and are l i m i t e d  by payload s t r u c t u r a l  dynamics. S i m i l a r l y ,  t r a n s l a t i o n  loops 
are c losed on a d i f f e r e n t i a l  measurement between r o t o r  and s ta to r ,  wh i l e  
p o i n t i n g  loops are usua l ly  based on an i n e r t i a l  reference o r  s t a r  t r a c k e r  on the 
l e v i t a t e d  body. This provides optimal i n e r t i a l  p o i n t i n g  and minimal gap t r a v e l  
i n  t rans la t i on .  Since these cont ro l  laws and t ransformat ions are implemented i n  
software, suspension dynamics and axes o f  r o t a t i o n  can be selected a t  w i l l ,  even 
i n  f l i g h t .  

The r o t o r  ha l f  i s  at tached t o  t h e  payload and the  s t a t o r  h a l f  i s  
The s t a t o r  

The r o t o r  assembly cons is ts  o f  a 
The fo rce  sensor 

The block diagram o f  F igure 6 shows t h e  AVS con t ro l  scheme. Note tha t  

I n  t h i s  way, con t ro l  o f  t r a n s l a t i o n  
Even thou h these 

The th ree  t r a n s l a t i o n a l  
loops share t h e  same actuators ,  i t  i s  poss ib le  f o r  them t o  have comp 9 e t e l y  

I n - f l i g h t  c a l i b r a t i o n  can be performed on t he  decoupling matr ices t o  ensure 
o r thogona l i t y  between the  s i x  axes. 
MBA i n  t u r n  and observing the  resu l tan t  payload acce le ra t ions  i n  s i x  DOF, the  
ma t r i x  can be derived. 
uncertai  n ty  , MBA scal e fac to r ,  and 1 oca t i  on errors .  

tha t  the  power and data in te r faces  t o  the  payload a lso  be noncontacting. 
Opt ica l  data channels capable of 30 MBPS have been demonstrated which can 
accomnodate the  gap motions. 
i r o n l e s s  secondary transformer. 
ye t  complete, it i s  con t inu ing  under NASA funding. 

By apply ing a f i x e d  fo rce  command a t  each 

This  process co r rec ts  f o r  e r r o r s  due t o  CM o f f s e t  

To main ta in  the i s o l a t i o n  c a p a b i l i t y  o f  t he  magnetic suspension requi res 

Power i s  t rans fe r red  us ing a special  l a rge  air-gap 
While development o f  t h i s  t ransformer i s  not  
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A sumnary o f  the  ASPS c h a r a c t e r i s t i c s  and c a p a b i l i t i e s  i s  shown i n  Table 1. 

TABLE 1 

ASPS CHARACTERISTICS 

0 Po in t i ng  Range 

0 Po in t ing  S t a b i l i t y *  

0 Po in t i ng  Bandwidth ( t y p i c a l )  

0 Trans la t ion  Bandwidth ( t y p i c a l )  

0 Slew Rate 

0 Payloads 

Mass 

Mass-Inertia Rat io  

CG Of fse t  

Size 

t.75 degree 

-01  arcsecond 

1.0 h e r t z  

. 1 her t z  

3 degree/second 

Up t o  7200 ki lograms 

up t o  a t  l e a s t  1 m-2 

Up t o  3 m 

Unconstrained, due t o  end-mounting 

*During worst-case s h u t t l e  VRCS f i r i n g  

PERFORMANCE PREDICTIONS 

The new AVS conf igura t ion  was s tud ied ex tens ive ly  by s imu la t ion  t o  
determine expected performance i n  the  Shu t t l e  environment. S t a t i s t i c a l  analyses 
were performed t o  def ine the  s e n s i t i v i t y  o f  a l l  i d e n t i f i a b l y  independent e r r o r  
sources. An e r r o r  budget was establ ished showing the  s i g n i f i c a n t  con t r i bu to rs  
of e r r o r  and t h e i r  r e l a t i v e  con t r i bu t i ons  (Reference 56). The e r r o r  budget i s  
shown i n  Table 2 f o r  a normalized payload. The general conclusion i s  t h a t  t he  
-01-arcsecond goal i s  achievable f o r  a v a r i e t y  o f  p r a c t i c a l  payloads. While the  
system i s  not y e t  t r u l y  sensor l i m i t e d ,  the  Space Telescope i n e r t i a l  reference 
u n i t  which provides p o s i t i o n  feedback i s  the  b iggest  c o n t r i b u t o r  t o  e r r o r  on the  
l i s t .  Ext rapolat ion t o  o ther  payloads i s  shown i n  Figure 7. Note t h a t  a SOT- 
c lass  payload would be i n  t h e  f l a t  sec t ion  o f  the curve, i n d i c a t i n g  t h a t  
performance i s  sensor-l imited. F igure 7 would i n d i c a t e  t h a t  t h e  SOT requ i re -  
ments are met even when us ing the  product ion model DRIRU-11. 

I n  add i t i on  t o  these r i g i d  body analyses, some pre l im inary  work has a l so  
been done i n  the  area o f  f l e x i b i l i t y  analysis.63 Pre l im inary  f i nd ings  i n d i c a t e  
tha t ,  due t o  the  noncontacting nature o f  magnetic suspension, t he  vern ie r  
con t ro l  system i s  somewhat i s o l a t e d  from the  bending modes o f  the  gimbals and 
c a r r i e r  beneath it. 
effects o f  payload modes. 

I n  add i t ion ,  t he  gimbal dynamics are l ess  impacted by t h e  

10 



TABLE 2 

SYSTEM ERROR BUDGET56 (EXCERPTS) 

Effect iveness 

0.10 0 
1.25 @ 
0.10 @ 
0.50 @ 
1.00 @ 

1.00 @ 
1.00 0 
1.25 8 
1.00 @ 

/Source 

Parameter 
Naninal Value Expected E r ro r  

Mean 3 0  Uni ts  Mean 3 0  (m) 
0 '  1 2 0 .00133 

0 .001 N nns 0 ,00089 

100 0 Hz 

0 .1 2 0 .00090 

100 0 Hz .00034 0 

.00022 0 

0 1 i 0 .00039 

0 .S m 0 .00067 

0 .005 mn nns 0 .00104 

10 0 Hz .00130 0 

Noise 

AVS Tota l  I 

E r ro r  Factor 

0 . 0 0 9 4 4  

0.71 G I N  nns 

0.223lfc G 
0.018 3 1 2  

I 

Pos i t i on  
Sensor 

Force Actuator 

Sampl i ng 

Scale Factor 

Bias 

Noise 

Lag 

Force Loop 
Ky Match 

MEA Hysteresis 

Nonl inear  

0.0501Ky G I 2  

0.00134 G / m n  

25IKv mlm nns 

Nonl Inear 

~~ 

Other AVS MEA Radius 
Uncertai n t y  

ADS S t a b i l i t y  

Other Payload CM 
Uncertainty . 
ORIRU Nolre 
(Equivalent Angle) 

ORIRU 
Quant izat ion 

0.0094 e l 2  

s ing le  data polnt 

-- 

Total I 
I Flex Caps= 

I I r I .00242 I .00233 

.00282 

see .00036 

t I I I .00242 I .00516 

.50 I 22 I 0 I Nlm I .020961 0 

1 E r r o r  may be reduced by i n - f l i g h t  c a l i b r a t i o n  procedures Conditions: 

M N o m 1  I zed Pay1 oad -J = 1 2 E r r o r  tends t o  cancel when It ex is t s  I n  both a x i a l  and tangent ia l  sets  

3 E r r o r  cannot be reduced 

4 Nolse s e n s l t l v i t i e s  increased f o r  conservatlve estimate 
m = 2000 Kg J = E 2o:o :] 
z o f f s e t  = 1 m 0 2000 

VRCS P i t c h  Disturbance, E levat ion Gimbal 
Angle = 1.5 rad 

Control Loop Bandwidths: Gimbal 10 Hz. 
Point ing 1 Hz, Centering .1 HZ 

Control Computation Rate: 100 Hz 
Transport Delays: Force Cmands  6 ms 

Torque Cmands  3 ms 

Force Loop KI = 150, Kp = .25, Kv - KI 
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LIMITED ROLL AVS WITH FORCE FEEDBACK 
CM UNCERTAINTY 3%, DRIRU NOISE AND QUANTIZATION 

PITCH VRCS WITH ELEVATION GIMBAL 9oo 
IN-FLIGHT CALIBRATION, WHERE APPLICABLE 

S 
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Figure 7 
Performance Extrapol a t i ~ n ~ ~  
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EVOLUTION OF THE DESIGN 

The ASPS was o r i g i n a l l y  conceived a t  t he  NASA Langley Research Center1. I n  
1976, a con t rac t  was awarded t o  Sperry F l i g h t  Systems t o  design, fabr ica te ,  and 
t e s t  a p r o t o f l i g h t  ASPS. 
( e l e v a t i o n  and l a t e r a l )  and a vern ie r  system which provided un l im i ted  freedom i n  
t h e  r o l l  axis. The magnetic suspension was thus completely symmetric about t h e  
r o l l  ax is  w i t h  a l l  MBAs ac t i ng  on an L-shaped annular homogeneous ro to r .  There 
were th ree  a x i a l  MBAs, two r a d i a l l y  d i rec ted  MBAs, and a ZOO-hertz ac induc t ion  
motor p rov id ing  r o l l  torque (F igure 8). 
re ference mater ia l ,  most notably  Reference 10. 

A t  t h i s  time t h e  ASPS consisted o f  two gimbals 

The system design i s  described i n  the  

I n  l a t e  1977, a two degree-of-freedom model o f  the  magnetic suspension 
system was b u i l t  and tested,z1 which consisted o f  two MBA s ta t i ons  a c t i n g  on a 
single-motor section. 
r o t a t i o n  DOF, thus a l low ing  demonstration o f  t h e  t ransformat ion and decoupling 
concepts used i n  the  ASPS a t  a simple leve l .  
2 DOF tes t ing ,  a p r o t o f l i g h t  6 DOF b u i l d  was begun. 

This setup allowed con t ro l  o f  one t r a n s l a t i o n  and one 

A f t e r  successful completion o f  t h e  

As the  program proceeded, i t  was decided t o  accelerate the  development of 
t h e  gimbal subsystem under a separate NASA-MSFC cont rac t  i n  order  t o  s a t i s f y  
e a r l y  needs as forecasted by t h e  experiment community. 
program was perceived more as a technology advancement e f f o r t ,  and t h e .  
p r o t o f l i g h t  hardware under const ruct ion was thus re laxed t o  the  s ta tus .o f  an 
engi neer i  ng model . 

The remaining AVS 

Fol lowing engineer ing model f ab r i ca t i on ,  a year- long t e s t  sequence o f  t h i s  
hardware was conducted. F igure 9 depic ts  the  t e s t  f a c i l i t y ,  and F igure 10 shows 
t h e  hardware w i t h  t h e  l a s e r  in te r fe rometer  which was used t o  assess performance. 
Dur ing t h i s  e f f o r t ,  i t  was discovered t h a t  the  r o t o r  p o s i t i o n  sensors were 
extremely temperature sensi t ive.  I n  add i t ion ,  i f  the  cables t o  the  t ransducer 
heads were moved, sensor c a l i b r a t i o n  was ser ious ly  af fected s ince cable 
capacitance was a p a r t  of t he  impedance bridge. As a c o r r e c t i v e  measure t o  
these problems, temperature con t ro l  was i n s t i t u t e d  i n  the  t e s t  area, and the  
sensor cables were c a r e f u l l y  secured i n  place. 
ted ious due t o  the  d i f f i c u l t y  i n  measuring force, and i n  the  l ack  o f  repeat-  
a b i l i t y  r e s u l t i n g  from hysteres is  and nonconformance o f  the  magnetic c i r c u i t s  t o  
idea l  1 aws. Nevertheless, a f t e r  several i t e r a t i o n s ,  force accuracy o f  1 percent 
t o  2 percent o f  f u l l  scale was a c h i e ~ e d . ~ ~ , ~ ~  

dynamics o f  t he  t e s t  f i x t u r e  from the hardware under tes t .  S i g n i f i c a n t  advances 
were made i n  the  zero-grav i ty  suspension techniques employed, and a f t e r  several 
mod i f i ca t ions ,  t he  t e s t  f i x t u r e  became s u f f i c i e n t l y  t ransparent  i n  the  data. 
Tests were performed on servo dynamics, decoupl i ng  cont ro l ,  s t a b i l i t y  dur ing  
cross-axi  s disturbances, and a va r ie t y  o f  o ther  parameters (see references).  

Force c a l i b r a t i o n  was extremely 

With the  c los ing  o f  con t ro l  loops came d i f f i c u l t i e s  i n  s o r t i n g  out  t he  

I n  order t o  v a l i d a t e  t h e  t e s t  resu l ts ,  a computer s imu la t ion  was assembled. 
The dynamics o f  both the  AVS and t h e  t e s t  setup were modelled. 
e r r o r  sources (AVS and t e s t  equipment) were i d e n t i f i e d  and included. 
s imulat ion,  p o i n t i n g  s e n s i t i v i t y  t o  each e r r o r  source was obtained. 
s e n s i t i v i t i e s  were combined s t a t i s t i c a l l y  t o  p r e d i c t  t he  mean and dev ia t i on  o f  
t h e  p o i n t i n g  e r r o r  dur ing labora tory  tests .  
three-sigma ta rge t  area were considered successful . A l l  con t ro l  

A l l  s i g n i f i c a n t  
Using the  

These 

Hardware t e s t  r e s u l t s  w i t h i n  a 
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Figure 8 
AVS Engineering Model Hardware 
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Figure 9 
Engineering Model Test Setup 
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Figure 10 
Laser I nterferornet e r  
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system parameters were computed p r i o r  t o  i n i t i a t i o n  o f  the  labora tory  tes ts .  
These parameters, which are based on payload mass, i n e r t i a ,  and CM l o c a t i o n  
data, were computed i n  a manner i d e n t i c a l  t o  t h a t  requi red t o  support a Shu t t l e  
mission. The cont ro l  system parameters were not  e m p i r i c a l l y  adjusted dur ing  
t e s t s  s ince the  t e s t  ob jec t i ve  was t o  h i t  the  predic ted ta rge t  and not t o  ob ta in  
best -poss ib le  labora tory  performance. Likewise, con t ro l  bandwidths were se t  t o  
values proposed f o r  use on o r b i t  t o  maintain s i m i l a r i t y  between f l i g h t  and 
1 aboratory  systems. 

I n  at tempt ing t o  c o r r e l a t e  t e s t  r e s u l t s  w i t h  a n a l y t i c a l  predictions,43,44 
much was learned about system s e n s i t i v i t i e s  and anomalies, which i n  t u r n  
permi t ted the  refinement o f  ana ly t i ca l  models. I n  general, ood agreement was 
obtained between labora tory  data and a n a l y t i c a l  p red ic t i0ns . j  S t a b i l i t i e s  i n  
t h e  range o f  .05 t o  .10 arcsecond were achieved even i n  the  presence o f  t e s t -  
f i x t u r e  anomalies. Under nominal condi t ions,  the mean and standard dev ia t i on  of 
measured VRCS responses were 1.36 and .62 arcseconds, respect ive ly ,  compared t o  
s imu la t ion  predic ted values o f  1.22 and .52. Although i t  was demonstrated by 
these t e s t s  t h a t  the  decoupling cont ro l  scheme was both e f f e c t i v e  and wel l  
understood, t he  data ind ica ted  t h a t  the q u a l i t y  o f  t he  magnetic actuators  l e f t  
something t o  be desired. 

During t h i s  same t ime frame, NASA requested t h a t  the design be able t o  
accommodate f a c i l i t y - c l a s s  payloads w i th  masses up t o  7200 kg and i n e r t i a s  up t o  
40,000 kg-m2. Analyses ind ica ted  that  t h i s  was genera l l y  possible,  bu t  t h a t  t he  
e x i s t i n g  r o l l  torque was inadequate by near l y  an order  o f  magnitude.57 
add i t ion ,  the un l im i ted  r o l l  concept as implemented i n  t h i s  AVS con f igu ra t i on  
a f fo rded no p r a c t i c a l  backup a l te rna t i ves  f o r  caging the  payload i n  case o f  
ve rn ie r  system f a i l u r e .  Thus, a t  the conclusion o f  the  t e s t  phase two major 
problems ex is ted  wi th t h e  AVS design. 
was c o n t r i b u t i n g  too  much t o  the  e r r o r  budget, and second, the r o l l  ax i s  to rquer  
represented an operat ional  de f ic iency  and a performance unce r ta in t y  t o  t h i s  
system. 

I n  

F i r s t ,  the  magnetic actuator  performance 

The l a t t e r  problem was solved f i r s t .  
design and incorporate a r o l l - a x i s  gimbal i n t o  the  AGS system. 
provided f o r  backup r o l l  caging independent o f  the  vernier.  
s ign i f i cance  was the  f a c t  t h a t  i t  e l iminated the  requirement f o r  un l im i ted  r o l l  
freedom i n  the  vern ie r  module. 
j u s t  begun look ing  f o r  ways t o  enhance the  design and resolve the  above- 
mentioned problems, so i t  wasn't long be fore  the  concept o f  a l i m i t e d - r o l l  
ve rn ie r  surfaced. The idea o f  a vern ie r  r o l l  ax i s  has many advantages. F i r s t ,  
p o i n t i n g  s t a b i l i t y  s i m i l a r  t o  p i t c h  and yaw could now a lso  be provided i n  r o l l .  
Second, t h e  development and t e s t i n g  of t h e  ac i nduc t i on  motor could be avoided 
by us ing a s i x t h  MBA s i m i l a r  t o  the  other  f i ve .  This l e d  t o  rep lac ing  the  
symmetric annular r o t o r  w i t h  s i x  separate r o t o r  segments, one f o r  each MBA. 
Manufacturing costs  and weight were g r e a t l y  reduced. I n  add i t ion ,  a v a i l a b l e  
r o l l  torque was increased over tenfo ld ,  as was r o l l  e f f i c iency .  The new 
arrangement replaced the  r a d i a l  MBAs and r o l l  motor w i t h  th ree  i d e n t i c a l  
t angen t ia l  MBAs as shown i n  F igure 11. A l l  s i x  MBA s ta t i ons  could now be 
i d e n t i c a l  t o  reduce manufacturing costs. 

I n  J u l y  1979, MSFC d i rec ted  Sperry t o  
This immediately 

O f  g rea ter  

This came a t  a t ime when the  AVS program had 
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The new configuration was good i n  many ways, b u t  i t  had not addressed the 
most serious design problem - MBA performance. 
two major categories: 
magnetics performance (hysteresis, 1 inearity, e tc ) .  
ini t ia ted i n  the areas of position sensor improvement and hysteresis reduction. 
Many new options were now open for position sensing which had not been available 
i n  the unlimited roll configuration. W i t h  individual rotor segments, the sensor 
d i d  not have to  operate on a passive, homogeneous target. I t  was decided t o  
pursue an optical pos i t i on  sensing concept based on a CCD array (Figure 12) .  
brassboard was bui l t  and tested w i t h  a n  accuracy of approximately 1 percent of 
fu l l  scale demonstrated and nearly an order of magnitude improvement predicted 
possible w i t h  more work. 
by Sperry Research Center.64 

The errors observed fe l l  i n t o  
position sensor performance ( for  gap compensation) and 

As such, ac t iv i t ies  were 

A 

Further work has also been devoted t o  position sensing 

In the area of magnetic hysteresis reduction, several techniques were 

I t  was concluded t h a t  some 

studied.28,34,36,37,41 
heat-treating procedures and retested. 
on t o p  of the control currents was considered. 
improvement was possible, b u t  probably n o t  enough. 
hysteresis performance, marginal position sensor performance, and complex open- 
loop calibrations led to  a second assessment of the ent i re  gap-compensation 
control scheme. 

Pieces of material were subjected t o  more elaborate 
Superposition of ac degaussing current 

The prospects of marginal 

The true output of an MBA i s  force. 
of the magnetic c i rcu i t ,  i t  made sense t o  consider u s i n g  feedback techniques t o  
attenuate errors. 
feedback loop around the MBA as  a so lu t ion ,  not only to  the magnetic anomalies, 
b u t  t o  position sensor errors as well. 
would be placed i n  the forward p a t h  of the loop, and resultant s t a t i c  errors 
would be only those of the force sensor i t s e l f .  
Figure 13. 

could be achieved i n  t h i s  manner. However, the required force sensor 
represented the s t a t e  of the art i n  performance. 
bandwidth, h i g h  s t i f fness ,  low hysteresis, low noise, and low temperature 
coefficient a l l  i n  a device which could survive the vibration environment seemed 
a virtually impossible request. Several technologies were studied, and a 
v i  b r a t  i ng quar tz  sensor was ultimately selected for development. A subcontract 
was awarded t o  Quartex, Inc, of Salt  Lake City, Utah, t o  develop a force sensor 
(Figure 14) t o  meet these requirements. 
delivered performed much better t h a n  required i n  a l l  respects w i t h  one exception - stiffness.  Stiffness will be addressed i n  future i terat ions,  probably d u r i n g  
the Air Force f l i g h t  program development. The effect  of f i n i t e  s t i f fness  on 
performance is  t h a t  a resonance results from the s t i f fness  of the sensor and 
mass o f  the rotor. 
loop. 
and improves system performance under typical conditions by two orders of 
magnitude. 
i s o l a t i o n  i s  essential . 

Given the nonlinearities and anomalies 

Therefore, i t  was decided t o  attempt t o  close a force 

The ent i re  actuator, as then designed, 

Such a loop i s  depicted i n  

Analysis and simulation showed54956 t h a t  great performance improvements 

High resolution, h i g h  

As indicated i n  Table 3, the units 

T h i s  resonance complicates the stable design of the force 

This i s  particularly the case for  applications i n  which vibration 

Nevertheless, i t  has been shown by analysis t h a t  the force loop i s  stable 
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Figure 12 
Optical Position Sensor Concept 
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Figure 14 
Force Sensor Prototype 
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TABLE 3 
FORCE SENSOR REQUIREMENTS AND PERFORMANCE59 

Requirement 

Range 

L i n e a r i t y  

Of fse t  no load zero 
s h i f t  

Of fse t  Rate ( a t  constant 
temperature and pressure) 

Noise 

Resolut ion 

Hysteresis 

S t  i f f nes s 

Cross-Axis S e n s i t i v i t y  

Temperature Of fse t  
-2OOC t o  l0O0C 

Pressure o f f s e t  
0 t o  1 atm 

Spec i f i c a t  i on 
~~ 

240 N 

+.4 N 

1.0 N 

.0005 N/s 

-001 N 

-001 N 

-08 N 

6 x 106 N/m 

+.04 N 

1.0 N 

1.0 N 

Actual 

t40 N 

r.003 N 

t.002 N 

7.0 x 10-7 N/s 

.0002 N 

-0002 N 

.002 N 

1.48 x 104 N/m 

k.002 N 

.55 N 

-76 N 

Recently, the  concepts o f  t he  second generat ion AVS have been demonstrated 
i n  a s i n g l e  degree-of-freedom t e s t  f i x t u r e  (F igure 15). These tes ts ,  r e f e r r e d  
t o  as the  s ing le  s t a t i o n  tests,62 demonstrated the  performance o f  a s i n g l e  MBA 
s t a t i o n  when equipped w i t h  the  fo rce  loop and o p t i c a l  gap sensor. 
degree-of-freedom demonstration was not requi red since the  decoupl i n g  laws were 
adequately demonstrated wi th t h e  e a r l i e r  5 DOF engineer ing model. 

A m u l t i p l e  

I n  summary, the cur ren t  AVS design cons is ts  'of s i x  i d e n t i c a l  MBA s ta t ions ,  
each having a r o t o r  segment, f o rce  sensor, and o p t i c a l  gap sensor. 
con f i gu ra t i on  i s  re fe r red  t o  as the  second generat ion AVS (see F igure 1). 

This 

PERIPHERAL DEVELOPMENTS 

Two s i g n i f i c a n t  per iphera l  technologies have been pursued as a p a r t  o f  the  
AVS development. 
across the  noncontacting in ter face.  

These are the  means f o r  prov id ing:  (1)  power, and ( 2 )  data 
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F igu re  15 
S ing le -S ta t i on  Test Setup 
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Power 

The original ASPS concept included batteries on the levitated portion which 
were occasionally charged d u r i n g  inoperative periods. The many drawbacks of 
bat ter ies ,  such as excessive weight, explosive chemical properties, limited 
temperature capabili t ies,  etc,  prompted a search f o r  alternatives. A t  f i r s t ,  
transformers were rejected because 1 arge magnetic forces would exist  between 
primary and secondary, d i s t u r b i n g  t h e  magnetic suspension. Later, a concept 
surfaced i n  which these forces would be minimal. The key was removing a l l  i ron 
on the secondary side i n  favor  of wraparound iron on the primary. Since the 
moving secondary i s  only a coil of wire and has l i t t l e  impact on the f l u x  flow, 
no force i s  generated. 
This concept is being pursued under NASA f u n d i n g .  

This device is depicted i n  the center of Figure 4b. 

Data 

Two-way multichannel digital  communication i s  necessary to  support 
vir tual ly  any payload which would be flown on the AVS. When the unlimited roll 
design was baselined, t h i s  was an extremely d i f f icu l t  task t h a t  resulted i n  a 
special cylindrically symmetric o p t i c a l  coupler design. However, now t h a t  
differential  motion i s  restricted everywhere w i t h i n  the vernier module, optical 
channels can be arranged easily i n  several places using much simpler optics. 
Figure 16 shows a typical lensing arrangement which makes reasonable s igna l  - to- 
noise ratios possible despite the differential motion between bodies. Optical 
d a t a  links of up to  30 MBPS data rates have been demonstrated i n  the 
laboratory.58 T h i s  technology i s ,  therefore, considered i n  hand. Figure 4 
depicts several optical channels i n  the toroidal area between the transformer 
and the MBAs. 

CONCLUSIONS 

The design of the magnetically suspended AVS has matured to  a viable 
configuration for f l i g h t  design which should be capable of a t t a i n i n g  i t s  
specified performance i n  the presence of carr ier  disturbances. 
studies indicate that i t  should simplify control system design i n  the presence 
of bending modes. 
calibrations o f  each component which could be neither verified nor corrected i n  
f l i g h t ,  and which required accuracies pressing the s t a t e  of the a r t  of the 
magnetic bearings themselves. 
to  manufacture, and can be calibrated a t  the subassembly level as well as i n  
f l i g h t .  I t  has eliminated the need for  such refinements as more accurate' . 
position sensing and hysteresis removal or cancellation. 
than i t s  predecessor and able t o  meet the needs of f a c i l i t y  class payloads. 
errors have been studied and performance predicted, and while i t  is  not yet 
t r u l y  sensor-limited, the present r a t e  sensor is  the largest  error i n  the 
budget. 
an  Air Force f l  i g h t  program. 

Preliminary 

The original technology depended upon precise and delicate 

The second-generation design i s  simpler, easier 

I t  i s  more eff ic ient  
I t s  

The technology developed under this effor t  i s  being incorporated i n t o  
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